► The ship-plume sulfur chemistry is controlled by the mixing ratios of inplume OH and pH of sea-salt particles. ► The estimated equivalent SO 2 lifetime for ITCT 2K2 ship-plume ranged from 10.32 to 14.32 h. ► The heterogeneous ship-plume SO 2 loss rates are pH ss -dependent. ► When the pH ss was b~6.5, approximately 66% of the SO 2 was lost due to the gas-phase oxidation by OH radicals. ►~98% of the SO 2 was destroyed by the heterogeneous conversions, when pH ss = 8.0. The ship-plume sulfur chemistry was investigated for the ITCT 2K2 (Intercontinental Transport and Chemical Transformation 2002) ship-plume experiment, using the ship-plume photochemical/dynamic model developed in this study. In order to evaluate the performance of the model, the model-predicted mixing ratios of SO 2 and H 2 SO 4 were compared with those observed. From these comparisons, it was found that the model-predicted levels were in reasonable agreements with those observed (0.56 ≤ R ≤ 0.71), when the pH of sea-salt particles (pH ss ) was ≤~6.5. The ship-plume equivalent lifetimes of SO 2 τ eq SO2 were also estimated/ investigated for this particular ship-plume case. The magnitudes of τ eq SO2 were found to be controlled by two main factors: (i) the mixing ratios of in-plume hydroxyl radicals (OH) and (ii) pH ss . The former is governed primarily by stability conditions of the marine boundary layer (MBL), when the ship NO x emission rate is fixed. The latter determines if the heterogeneous oxidation of dissolved SO 2 occurs via reaction with hydrogen peroxide (H 2 O 2 , when pH ss b 6.5) or with ozone (O 3 , when pH ss > 6.5). According to the multiple ship-plume photochemical/dynamic model simulations, the estimated τ eq SO2 over the entire ship plumes ranged from 10.32 to 14.32 h under moderately stable (E) to stable (F) MBL conditions. These values were clearly shorter than the background SO 2 lifetime τ b
Introduction
Emissions from ocean-going ships are important contributors to climate change and atmospheric pollution in the marine boundary layer (MBL), affecting the atmospheric oxidation cycles and global radiation budget (Corbett and Fishbeck, 1997; Capaldo et al., 1999; Corbett et al., 1999; Lawrence and Crutzen, 1999; Kasibhatla et al., 2000; Endresen et al., 2003; Song et al., 2003a,b; Eyring et al., 2007; Hoor et al., 2009; Kim et al., 2009 ). In particular, SO 2 emissions from ocean-going ships contribute~7% to the global anthropogenic SO 2 emissions (Corbett and Koehler, 2003) , and have been reported to be an important source of SO 2 and nss-sulfate within the global shipgoing MBL (Capaldo et al., 1999; Corbett et al., 1999) . Recent studies also showed that ship-emitted SO 2 can lead to the enhanced production of non-sea-salt (nss) sulfate and the formation of new particles (CCN formation) within the remote MBL, thereby playing an important role in negative global radiative forcing (Capaldo et al., 1999; Langley et al., 2010) .
The oxidation of SO 2 emitted from ocean-going ships is an important atmospheric process because the gas-phase oxidation of SO 2 produces sulfuric acid (H 2 SO 4 ), which plays an important role in the formation of cloud condensation nuclei (CCN) in the MBL (Russell et al., 1999; Langley et al., 2010) . The CCN formation can subsequently affect cloud formation along the ship corridors, which were often called the "ship track" (Radke et al., 1989; Russell et al., 1999) . The ship tracks have been reported to have a negative global forcing effect of~− 0.11 W m −2 (Capaldo et al., 1999; Langley et al., 2010) . The sulfur chemistry inside the ship-plumes showed different characteristics from that of the background MBL, mainly because of (i) highly elevated oxidant levels (e.g. OH, O 3 , and NO 3 ), and (ii) possibly acidified sea-salt aerosols due to massive acid production inside the ship plumes. In particular, the levels of OH radicals can be elevated considerably by active O 3 -NO y -HO x photochemistry inside the ship plumes, resulting in enhanced rates of SO 2 loss (or destruction) in the gas-phase (Song et al., 2003a,b; Chen et al., 2005; Kim et al., 2009 ). On the other hand, the enhanced rates of SO 2 (and NO x ) destruction also yield increased levels of acidic gases, such as H 2 SO 4 and HNO 3 , which then condense onto/into sea-salt particles. The formation of acidic particulate species can decrease the pH of sea-salt particles (pH ss ). Such a decrease in pH ss can affect another atmospheric SO 2 loss process, such as heterogeneous sulfate formation on sea-salt aerosols in the MBL, because the heterogeneous conversion of SO 2 is sensitive to pH ss . The two SO 2 destruction pathways compete with each other, resulting in different consequences in terms of CCN formation. For example, if gas-phase SO 2 destruction is dominant, it will increase the levels of H 2 SO 4 in the gas-phase. This is conducive to nucleation and CCN formation. In contrast, if heterogeneous SO 2 loss is dominant, the levels of H 2 SO 4 in the gasphase might be low because SO 2 is converted directly into sulfate by the heterogeneous oxidation on/in sea-salt particles. In order to closely investigate such characteristics of the ship-plume sulfur chemistry, a ship-plume photochemical/dynamic model was developed and utilized in this study, using the ITCT 2K2 (Intercontinental Transport and Chemical Transformation 2002) ship-plume observation data.
This manuscript is part of serial efforts to investigate the shipplume photochemistry. The previous studies were conducted by Kim et al. (2009) and Song et al. (2010) . These two previous works investigated the ship-plume O 3 -NO y -HO x chemistry and CH 4 oxidation (HCHO production) within the MBL, respectively. The current work examined the ship-plume sulfur chemistry. The ultimate goal of these serial efforts has been, needless to say, to incorporate the highly non-linear ship-plume photochemistry into the global 3-D chemistry-transport model, based on a full and complete understanding of the ship-plume photochemistry.
Ship-plume photochemical/dynamic model
Detailed descriptions of the ship-plume photochemical/dynamic model have been reported elsewhere (Song et al., 2003a,b; Kim et al., 2009 ). Therefore, they have not been repeated in this manuscript. Briefly, the ship-plume model can consider ship-plume dynamics (turbulent dispersion) and photochemistry simultaneously. The fundamentals of atmospheric ship-plume turbulent dispersion are based on Offshore and Coastal Dispersion (OCD) algorithm (Hanna et al., 1985) . A "Gaussian-based" dispersion scheme was used to represent the concentration distributions of primary pollutants, such as NO x and SO 2 (Kim et al., 2009) . A modified Lurmann chemical mechanism was used to consider atmospheric chemical transformations of pollutants (Lurmann et al., 1986) . In this process, 255 atmospheric gas-phase thermal and photolysis reactions were coupled with heterogeneous condensations and aerosol micro-physical processes (Song et al., 2003a,b; Kim et al., 2009) .
In particular, some parameterizations were improved and newly embedded into the ship-plume photochemical/dynamic model to more accurately describe physico-chemical sulfur processes inside the ship plumes. The fates of ship-plume SO 2 , which describe the gas-phase and heterogeneous conversion of SO 2 (S(IV)) to sulfate (S(VI)), are illustrated briefly in Fig. S1 . SO 2 is oxidized by OH radicals in the gas-phase, producing H 2 SO 4 , and is also oxidized inside deliquescent sea-salt particles via two main reactions: (i) bisulfite (HSO 3 − ) + dissolved H 2 O 2 at pH ss b 6.5 and (ii) sulfite (SO 3 2− ) + dissolved O 3 at pH ss >~6.5. As indicated previously, the dominant process and the rates of the processes are pH ss -dependent. Detailed descriptions of the model parameterizations for the heterogeneous sulfur processes can be found in Section 3.
Parameterizations of the ship-plume sulfur processes
The net change in SO 2 concentration within the ship plumes can be expressed by considering the turbulent dispersion and chemical transformation together (Song et al., 2003a,b; Kim et al., 2009) ) and mixing height (cm), respectively. The values for β and v d;SO 2 used in this study were 0.75 and 0.4 cm s −1 , respectively (Faloona et al., 2009; Song et al., 2010) . The heterogeneous interactions between the sulfate precursor and sea-salt particles can be represented using the following pseudo-first order kinetics:
where [C i ] denotes the concentration of gas-phase sulfate precursor i (SO 2 and H 2 SO 4 ); and k over,i represents the overall mass transfer coefficient (s
−1
). In order to consider the heterogeneous interactions between gas-phase SO 2 and sea-salt aerosols, the following parameterization was used to account for the accommodation and subsequent aqueous-phase oxidation reactions of dissolved SO 2 in sea-salt particles (Song et al., 2003b) : ) oxidation by dissolved O 3 ). Fig. S1 illustrates the pH ss -dependent heterogeneous oxidation reactions and SO 2 scavenging process. The basic idea of Eq. (6) is that the overall heterogeneous SO 2 loss rate is governed by the slowest physico-chemical process. Here, the Schwartz formula was used to estimate k mt;SO 2 (Freiberg and Schwartz, 1981) :
where α i denotes the mass accommodation coefficient of species i; S represents the surface density (cm 2 cm −3
) of sea-salt particles, and v i is the molecular mean velocity (cm s ) in this study, as shown in 
where ω H 2 O denotes the particle water content; k 1 and k 2 the aqueousphase oxidization coefficients (M −1 s and O 3 dissolved in deliquesced sea-salt particles, respectively. The activity coefficients were introduced in this study to account for the non-ideal interactions between the aqueous-phase ionic species. The values of the activity coefficients were obtained from the work of Chameides and Stelson (1992) . The value of ω H 2 O in Eqs. (8)- (9) was estimated from the NOAA ITCT 2K2 observations, along with the ratios between the dry and wet sea-salt particle radii (Winkler, 1988) . Winkler (1988) estimated the growth factors of the aged sea-salt particles at relative humidity between 20 and 97.5%. Using the growth factors, both the volumetric water fraction and ω H 2 O in sea-salt particles were computed.
Model simulations
Ship-plume model simulations were carried out for a case study -ITCT 2K2 ship-plume experiment. Model validations were also carried out using the ITCT 2K2 ship-plume observation data set. This will be discussed in the next section. Fig. S2 shows the domain of the ITCT 2K2 ship-plume experiment campaign. During the campaign, the NOAA WP-3D aircraft observations were carried out~100 km off the California coast between the 17:40-21:30 GMT on 8 May, 2002.
As shown in Fig. S2 , the WP-3D traversed a ship plume eight times (i.e., from transect A to H). Because the angle between ship-plume direction and WP-3D flight pathway was~59°, the right parts from the ship-plume centerline were slightly less chemically aged but the left parts were slightly more aged (Kim et al., 2009 ). The simulation conditions, such as emission rates, meteorological parameters, aerosolrelated parameters, and background gas and particulate species information, were obtained from the ITCT 2K2 observations, and are summarized in Table S1 . Detailed information on the model simulation conditions and the sampling instruments can be found in other publications Nowak et al., 2004; Parrish et al., 2004; Chen et al., 2005) .
As discussed in the previous section (Section 3), the heterogeneous oxidation rate of SO 2 can be sensitive to pH ss . In order to fully consider the internal variation of pH ss during the ship-plume photochemical aging, either aerosol thermodynamic module or aqueousphase chemistry module should be embedded into the physicochemical processes of the ship-plume photochemical/dynamic model (e.g. Chameides and Stelson, 1992; Kim et al., 1993a,b; Nenes et al., 1998) . However, several studies have reported rapid acidification of fresh sea-salt particles by scavenging of acidic gases in the MBL conditions (Chameides and Stelson, 1992; Erickson et al., 1999; Firdlind and Jacobson, 2000) . In their reports, under the polluted MBL conditions (say, [SO 2 ] >~50 pptv), the "buffering capacity" of sea-salt particles due to the presence of bicarbonate can be easily exceeded by both the partitioning of gas-phase H 2 SO 4 and the heterogeneous H 2 SO 4 production from S(IV) species. Obviously, the ship-plumes create an extremely polluted condition under which the buffering capacity of sea-salt particles can be easily exceeded and pH ss can therefore rapidly fall below~6.5. Once pH ss falls below~6.5, the oxidation rates of S(IV) by H 2 O 2 are almost constant, regardless of pH ss (Seinfeld and Pandis, 1998) . For example, the model calculations with the amounts of bicarbonate estimated by Chameides and Stelson (1992) showed that the complete depletion of bicarbonate in sea-salt particles occurs within plume travel times of~5 min due to the active acid formation and partitioning inside the ship plume. In addition to this fact, aerosol thermodynamic modules are unable to consider the chemical oxidation of S(IV) into H 2 SO 4 inside sea-salt particles (Kim et al., 1993a,b; Nenes et al., 1998) . This can be a drawback of the inclusion of the aerosol thermodynamic module into the ship-plume phothchemical/dynamic model. Collectively, in this study the pH ss was decided to set in an external manner, assuming the possible rapid acidification of fresh sea-salt particles via scavenging of acid gases such as H 2 SO 4 , SO 2 and HNO 3 inside the ship plumes.
Model evaluation
The comparisons between the model-predicted and observed mixing ratios were made using the ITCT 2K2 ship-plume experiment data to evaluate the performance of the current ship-plume photochemical/ dynamic model. Among the atmospheric species observed during the ITCT 2K2 ship-plume experiment, the concentrations of two gas-phase "sulfur species" (SO 2 and H 2 SO 4 ) were compared with the modelpredicted concentrations. The comparison of other important species, such as NO x , NO y , O 3 , and HNO 3 , were discussed in a previous study (Kim et al., 2009) . Since the most likely MBL stability condition for the ITCT 2K2 ship-plume experiment would be between moderately stable (E) and stable (F) (Kim et al., 2009 ), these two meteorological conditions were applied in this study. In addition, from a literature survey (shown in Table 1 ), a range of pH ss from 2 to 8 was chosen, as shown in Table S1 . The issue of pH ss will be discussed in detail in a later section of this manuscript.
In Eq. (7), S is an important factor. To accurately estimate the heterogeneous scavenging rates of ship-plume sulfur species (SO 2 and H 2 SO 4 ), the cross-sectional averaged S at eight ship-plume transects were obtained from the ITCT 2K2 observations, which are presented in Fig. 1 . As shown in Fig. 1 , the values of S measured inside the ship plume transects were larger than that observed in the background air. The differences between S measured inside the ship plume and that observed in the background air ranged from 10.2 to 33.3 (μm 2 cm
).
SO 2 and H 2 SO 4
Fig . 2 shows the comparison results of the SO 2 mixing ratios. Although SO 2 measurements have a rapid response time (~1 s), there was considerable noise in the observed SO 2 mixing ratios, which was attributed to the detection limit of the measurement instruments . As shown in Fig. 2 , the model-predicted ship-plume SO 2 mixing ratios over the pH ss range of 2-6 were almost the same due to the same gas-phase and heterogeneous oxidation rates of SO 2 (because in each case, both the ship NO x emission rate and MBL stability condition were fixed). Therefore, the model-predicted results over this pH ss range are labeled as "pH ss 2-6", and the other two are "pH ss 7" and "pH ss 8" in Fig. 2 . The model-predicted SO 2 mixing ratios show reasonable agreement with the observed SO 2 mixing ratios, particularly when the pH ss is set at 2-6 (see, red lines in Fig. 2) . However, the modelpredicted mixing ratios of SO 2 at pH ss = 8 were almost the same as those in the background air, due to the very rapid aqueous-phase oxidation of the ship-plume SO 2 (i.e. via SO 3 2− oxidation by dissolved O 3 ). The model-predicted SO 2 mixing ratios decrease with increasing pH ss due to the rapid increase in heterogeneous conversion rates of SO 2 at pH ss >~6.5. As expected, the model-predicted levels of SO 2 in the second column (stable (F)) are higher than those in the first column (moderately stable (E)), mainly because of the less active turbulent dispersion under stable MBL condition. The magnitudes of lateral and vertical dispersion parameters (σ y and σ z ) for the stable MBL condition were~50% smaller than those under the moderately stable MBL condition. Fig. 3 shows the comparison results for the H 2 SO 4 mixing ratios. The general characteristics in Fig. 3 are similar to those in Fig. 2 . There appears to be better agreement between the model-predicted and observed H 2 SO 4 mixing ratios under moderately stable MBL conditions. Atmospheric H 2 SO 4 is formed and scavenged by the following physico-chemical processes:
(R1) and (R2) represent the chemical formation and physical scavenging of H 2 SO 4 by sea-salt particles, respectively. As suggested from (R1) and (R2), the levels of H 2 SO 4 were determined primarily by the levels of both the precursor (SO 2 ) and oxidant (OH), in the case that the physical scavenging rates of (R2) were relatively minor. The model-predicted SO 2 (precursor) levels under stable MBL conditions were higher than those under the moderately stable MBL conditions, as shown in Fig. 2 . In addition, the levels of OH (oxidant) under stable MBL conditions were higher than those under moderately stable MBL conditions, due to more active/vigorous O 3 -NO y -HO x photochemistry under stable MBL conditions (Kim et al., 2009) . Therefore, the levels of H 2 SO 4 under stable MBL conditions are higher than those under moderately stable MBL conditions. The comparative results also showed some positive biases in the levels of H 2 SO 4 at the early ship-plume stage, particularly due to the uncertainty in the model-estimated OH radical mixing ratios. More detailed information on the atmospheric species, such as OH and sulfate concentrations, would be necessary to investigate the precise causes of the positive biases. However, unfortunately, the OH and sulfate measurements during the NOAA WP-3D flight did not have a sufficiently fast response time to provide data inside the ship plume Chen et al., 2005) . Table 2 shows the results of statistical analysis. Statistical analysis was carried out with the species concentrations within ± 2σ of the ship-plume. The correlation coefficients (R) for SO 2 under moderately stable (E) and stable (F) MBL conditions ranged from 0.65 to 0.66 and from 0.66 to 0.73, respectively; the correlation coefficients for H 2 SO 4 ranged from 0.71 to 0.75 and from 0.49 to 0.57, respectively. Four more statistical parameters, Root Mean Square Error (RMSE; absolute error) and Mean Normalized Gross Error (MNGE; relative error), Mean Bias (MB; absolute bias), and Mean Normalized Bias (MNB; relative bias), were calculated for further analysis: pH ss 2-6 pH ss 7 pH ss 8 Observation
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Moderately stable Stable estimated based on photochemical zero-or one-dimensional modeling (von Glasow et al., 2003; Miyakawa et al., 2007) , field observations (Liebsch and De Pena, 1982; Carn et al., 2007; Li et al., 2010) and 3-D CTM modeling (Wojcik and Chang, 1997) , the values of which are summarized in Table 3 . The SO 2 lifetimes for the plumes from the large-scale point sources and the urban areas ranged from 16 to 43 h and from 14 to 48 h, respectively. In particular, the ship-plume SO 2 lifetime of~30 h was reported from a ship-plume model-based estimation (von Glasow et al., 2003) . However, in their study, dry deposition and heterogeneous conversion were not considered, and the average ship-plume OH concentration of~10 7 (cm −3 ) was assumed. Therefore, a more accurate definition and precise estimation of the ship-plume SO 2 lifetimes are needed to better examine/ understand the sulfur chemistry inside the ship plumes.
Instantaneous ship-plume SO 2 lifetimes
As a first step, the "instantaneous SO 2 lifetime τ i SO 2 " is defined as the SO 2 concentration at a given point of time divided by the rate of SO 2 loss L i SO 2 at a given point of time: over a ship-plume cross-section:
where f SO 2 y ð Þ and f SO 2 z ð Þ represent the dimensionless frequency functions for the SO 2 distribution over a ship-plume cross-section in the horizontal (y) and vertical (z) directions, respectively. In actual calculations, the values of the frequency functions were calculated from normalization of the horizontal and vertical SO 2 distributions over a ship-plume cross-section. The averaging of τ i SO 2 was made from − 2σ to + 2σ in the y-and z-directions. The cross-sectional averages of the concentrations of other chemical species, such as OH OH ½ were also made in the same manner discussed above. were set as a constant at a given case, the changes in τ i is determined by the magnitude of k over;SO 2 , i.e., heterogeneous SO 2 conversion rate. This is the reason why an almost constant τ i SO 2 is found at pH ss =8 in Fig. 4 , regardless of the levels of OH ½ . When pH ss b 6.5 (i.e., pH ss =2-6), the changes in τ i SO 2
and OH ½ also show clear non-linear characteristics of ship-plume photochemistry ).
in Fig. 4 . OH ½ is depleted near the ship stack, and is then recovered, whereas τ i SO 2
is large due to the OH ½ depletion (titration) near the ship stack, and then decreases with increasing OH ½ . In addition, since the OH ½ inside the ship plumes is governed by the MBL stability conditions at a fixed NO x emission rate, the maximum OH ½ point under the stable MBL condition appears late compared to that under moderately stable MBL conditions due to the delayed oxidant (O 3 and OH) recovery time from depletion (or titration). When pH ss =2-6, between the shipplume transect A and H (40 min and 180 min of ship-plume travel time), τ i SO2 changes from 11.74 h to 18.77 h and from 11.59 h to 16.93 h under the moderately stable and stable MBL conditions, respectively.
Equivalent ship-plume SO 2 lifetimes
The τ i SO 2 can only represent the SO 2 lifetime averaged over a crosssection at a given ship-plume travel time. The concept of "equivalent SO 2 lifetime τ eq SO 2
" is introduced to estimate the SO 2 lifetime throughout the entire volume of ship plumes, using the following formula (Chen et al., 2005; Kim et al., 2009 ):
where Δt (Δx) denotes the ship-plume travel period (travel distance) of interest. Here, x is the location of a ship-plume cross-section in the advectional direction. In this study, the values of τ eq SO 2
were estimated from the plume transect A to H (i.e., Δt = 140 min). Fig. 5 shows the changes in τ eq SO 2 as a function of the pH ss . In Fig. 5 , τ eq SO 2 changes with the MBL stability conditions due to changes in the OH mixing ratios, when the pH ss was b~6.5. In general, a stable MBL condition creates higher OH mixing ratios than a moderately stable condition, when the ship NO x emission rate is fixed. Therefore, when the pH ss was b~6.5 (the homogeneous SO 2 + OH reaction dominates the entire SO 2 loss processes), τ eq SO 2 has a smaller value under stable MBL conditions. However, when the pH ss was >~7.0, the MBL stability condition (or the levels of OH ½ ) does not matter any longer, because heterogeneous SO 2 conversion controls all of the SO 2 loss processes. In addition, τ eq SO 2 remained nearly constant with respect to pH ss , when pH ss was b~6.5. There are two explanations for this: (i) the OH radical concentrations inside the ship plumes were the same because the NO x emission rates, plume release time and MBL stability conditions were set to the same conditions, indicating the same gas-phase SO 2 oxidation rates; and (ii) although the pH ss varies, k over;SO 2 remains almost constant because the rates of aqueous-phase reactions between HSO 3 − and H 2 O 2 do not vary considerably with respect to pH ss over pH ss = 2.0-6.5 (Seinfeld and Pandis, 1998) . In contrast, when the pH ss was >~6.5, the oxidation rates of the aqueous-phase reaction between SO 3 2− and O 3 changed greatly with respect to pH ss (i.e. the rates of SO 2 heterogeneous losses increase with increasing alkalinity of the sea-salt particles). Overall, from multiple ship-plume photochemical/dynamic model simulations, τ eq SO 2
for the ITCT 2K2 ship-plume case was found to range from 10.32 to 14.32 h under moderately stable (E) to stable (F) MBL conditions when pH ss was ≤~7. If the pH ss was assumed to be 8, τ eq SO 2 was estimated to be 0.33 h. In this case, the rates of the heterogeneous oxidation of SO 2 by dissolved O 3 appeared to be too rapid.
The rate of the ship-plume SO 2 loss was mainly controlled by the OH radical concentrations and the pH ss . In order to clearly investigate the effects of these two main factors, the ship-plume SO 2 loss budget was further analyzed via multiple model simulations. Fig. 6 shows the dependence of the pH ss on the ship-plume SO 2 loss budget under moderately stable and stable MBL conditions. The changes in the loss budget with pH ss clearly showed a shift in the dominant SO 2 loss processes, i.e. when the pH ss was b~6.5, approximately 66% of the SO 2 was lost due to the gas-phase oxidation by OH radicals; whereas, 98% of the SO 2 was destroyed by the heterogeneous conversions with a pH ss =8.0.
At this point, it can be asked logically what the most likely pH ss is for the ITCT 2K2 ship-plume experiment case because the oxidation rates in determining SO 2 lifetimes change with pH ss , as shown in Fig. 5 . The pH of freshly-emitted sea-salt particles would be around 8. There are several reports on this issue Sievering et al., 1990; Keene and Savoie, 1998; Keene et al., 2002) . Sea-water is also reported to have a pH of 8.1. In addition, it was reported that sea-salt particles have so-called "buffering capacity" that is maintained, for example, by the existence of bicarbonate (HCO 3 − ) in sea-salt particles (Chameides and Stelson, 1992) . However, sea-salt particles begin to be acidified if such bicarbonate (or buffering capacity) is completely depleted. Inside the ship plumes, both active production of strong acids (such as H 2 SO 4 and HNO 3 ) and partitioning of acids into sea-salt particles were found (Chen et al., 2005; Kim et al., 2009) . Therefore, the rapid depletion of bicarbonate (or buffering capacity) takes place when this occurs, and the pH ss falls below~7. For example, several modeling study show that the alkalinity of fresh seal-salt aerosols (pH ss =8.0) is rapidly titrated (sec to 1 b h) by scavenging of acidic gases (Chameides and Stelson, 1992; Erickson et al., 1999; Firdlind and Jacobson, 2000) . The model calculations with the amounts of bicarbonate estimated by Chameides and Stelson (1992) also showed that the complete depletion of bicarbonate in sea-salt particles occurs within plume travel times of 5 min due to the active acid formation and partitioning inside the ship plume. As shown in Figs. 2 and 3 , the ship-plume photochemical/ dynamic model can better capture the levels of gas-phase SO 2 and H 2 SO 4 when the pH ss is ≤~7. This can be further evidence that the pH ss for the ITCT 2K2 ship-plume experiment case would be ≤~7.
In addition, inside the ship plume, new particle formation (nucleation) was reported to be active, often creating stratocumulus clouds known as "ship-track" (Radke et al., 1989; Russell et al., 1999 ). The high levels of H 2 SO 4 (~5 pptv shown in Fig. 3 ) are particularly conducive to nucleation events. However, if pH ss remains above 7 during ship-plume photochemical aging, it creates relatively low levels of H 2 SO 4 (say,~1 pptv), which is a less favorable condition for CCN formation inside the ship plumes. Overall, the pH of fresh sea-salt particles is likely to be~8, but sea-salt particles would be acidified rapidly by the active ship-plume photochemistry. Once the pH of sea-salt particles falls below 6.5, the pH ss does not matter any longer, because at pH ss b~6.5 the rates of sulfur heterogeneous chemistry become relatively slow and are almost constant regardless of the pH ss , as mentioned previously (Seinfeld and Pandis, 1998) . This is also the reason that a full aqueous-phase chemical mechanism or an aerosol thermodynamic module is not urgently necessary for the prediction of the variation in pH ss in the course of the chemical aging of sea-salt particles. ) with pH ss between 2 and 7. Such lifetimes estimated from this study can be compared with those from large-scale point source plume studies. For example, τ SO 2 of 16-43 h for landlocated power-plant and copper smelter plumes was reported (Liebsch and De Pena, 1982; Lin et al., 2004; Carn et al., 2007) . However, in these studies the values of τ SO 2 were not estimated over the "entire" power-plant and copper smelter plumes, unlike τ eq SO 2 estimated in this study.
Summary and conclusions
In this study, a ship-plume photochemical/dynamic model was applied to investigate the characteristics of ship-plume sulfur chemistry, together with the ITCT 2K2 ship-plume experimental data. In particular, for more accurate model predictions, several important parameters (such as the liquid water contents and activity coefficients) were newly embedded into the model. The performance of the ship-plume model was then evaluated by comparisons with the ITCT 2K2 shipplume observation data. From the comparative analysis, the modelpredicted mixing ratios of SO 2 and H 2 SO 4 showed reasonable agreements (0.56 ≤ R ≤ 0.71) with those observed at the eight ship-plume transects, when the pH ss was ≤~7. However, the model-predicted mixing ratios of SO 2 at pH ss = 8 were almost the same as those in the background air, due to the very fast heterogeneous oxidation by dissolved O 3 in the sea-salt particles.
The lifetimes of the ship-plume SO 2 τ SO 2 À Á were also estimated, and found to be inversely proportional to the mixing ratios of hydroxyl radicals when the pH ss was b~6.5, because the dominant SO 2 destruction was due to gas-phase oxidation. In contrast, when the pH ss was >~6.5, the lifetimes of the ship-plume SO 2 were not governed by the levels of hydroxyl radicals, since the dominant SO 2 destruction process shifted towards the heterogeneous SO 2 oxidation by dissolved O 3 . The estimated ship-plume SO 2 lifetimes ranged from 10.32 to 14.32 h in the case of the ITCT 2K2 ship-plume. These values were found to be shorter than the background SO 2 lifetimes by factors between 1.06 and 2.25. From the ship-plume SO 2 loss budget analysis, it was again found that there was a shift in the dominant SO 2 destruction pathway with respect to the pH ss , i.e. when the pH ss was b~6.5, the formation of H 2 SO 4 via the gas-phase SO 2 + OH reaction was the main loss process of the ship-plume SO 2 ; whereas, when the pH ss was >~6.5, the heterogeneous conversion of SO 2 was the major destruction process of the ship-plume SO 2 .
In this study, pH ss was set in an external manner. However, in order to simulate the acidification (or pH-change) of sea-salt particles, a full set of aqueous-phase chemical mechanism or an aerosol thermodynamic module should be embedded into the ship-plume photochemical/dynamic model. However, as mentioned previously, once the pH ss falls below~6.5 due to particle acidification (this critical pH ss could be reached rapidly inside the ship plumes), the pH ss change during the chemical aging of sea-salt particles may not be very important in terms of the heterogeneous SO 2 oxidation rates, because the heterogeneous SO 2 oxidation rates do not vary considerably with pH ss b~6.5 (Seinfeld and Pandis, 1998) . In addition, the possibly important halogen photochemistry was not considered in this study, partly because the role of the halogen chemistry inside the ship plumes is rather uncertain. Vogt et al. (1996) bisulfite oxidation by hypochlorous and hypobromous acids (HOCl and HOBr). Nevertheless, the role of halogen chemistry inside the ship plumes remains to be clearly understood. For example, in the ITCT 2K2 ship-plume experiment, the halogen chemistry was not included and; thus, was not investigated Chen et al., 2005) . However, this issue needs to be investigated in future.
